INTRODUCTION
The genus Cardiocondyla Emery is unusual among ants in having two different male phenotypes, winged males and ergatoid males. Winged males are typical of most ant species but occur in less than 25% of the species of Cardiocondyla examined . With fully developed wings, large eyes, ocelli and a bulky thorax they are well adapted to dispersal, searching for female sexuals and mating away from their natal nests. Ergatoid males occur in all the species of Cardiocondyla examined. They stay inside the maternal nest and locally mate with available female sexuals . Their entirely non-dispersing life cycle is refl ected in a superfi cially "worker-like" morphology: ergatoid males are wingless, have small eyes and lack ocelli. They may be relatively long-lived (up to one year; Yamauchi et al., 2006) , and, in contrast to all other males of social Hymenoptera, are characterized by life-long spermatogenesis (Heinze & Hölldobler, 1993) .
Winged males of Cardiocondyla are docile and do not engage actively in fi ghting for access to female sexuals. In contrast, competition among ergatoid males ranges from complete mutual tolerance (Schrempf et al., 2005; Schrempf & Heinze, 2007) , defense of small territories in the nest (Frohschammer & Heinze, 2009; Jacobs & Heinze, 2017) to regular killing of immature rivals and fatal fi ghting among mature males (e.g., Kinomura & Yamauchi, 1987; Yamauchi & Kawase, 1992) . Mandibles are the principal tool used in male fi ghting and different fi ghting tech-pubescence, which obscured the borders of the body. Cephalic size CS was used as an indicator of body size (see Seifert, 2003) and calculated as (CL + CW) / 2. After measurement of the above mentioned characters, mandibles were removed and mounted on double-sided adhesive tape in a ventral view to measure mandible length MDL: distance between the ventral condylus and the tip of the apical tooth (shear-shaped mandibles of ergatoid males and mandibles of workers) or the tip of the mandible (sickle-shaped mandibles of ergatoid males). We assume that the landmarks chosen are homologous in the two types of mandibles. A mean measurement error of about 1.4 μm was calculated based on three measurements for small structures (e.g., PEW, PPW) and of about 2.5 μm for larger structures (e.g., ML). To allow for comparison within and between species, characters were divided by CS. In order to describe the morphology of mandibles, complete heads and detached mandibles of additional worker and male specimens were removed and mounted in different views (dorsal, ventral, mesal and lateral) on metal stubs with double-sided adhesive carbon pads and air-dried for at least 48 h. After this procedure, samples were coated with a mixture of gold-palladium in a sputter-coater (Fisons Instruments, UK) and examined using a DSM 950 Zeiss Scanning Electron Microscope. The terminology of the morphology of mandibles largely follows Ettershank (1966) and Gotwald (1969) , except for mandibles of ergatoid and winged males belonging to Cardiocondyla clade A (C. obscurior, C. wroughtonii, C. nigrocerea and C. "argyrotricha"). Here, we use "dorsal margin" because of the derived morphology of these mandibles, which makes it diffi cult to homologize this margin with the "basal margin" of typical triangular mandibles. Furthermore, we avoid the term "external margin" in the description of Cardiocondyla mandibles, as it is usually used in in-situ descriptions, and corresponds to the lateral margins seen in full-face view of ants. In our description of detached mandibles, we use the term "ventral margin" to describe the margin running ventrally from the ventralmost point of the articulation with the head capsule to the anteriormost point of the mandible.
We used the software IBM SPSS Statistics 23 (IBM Corporation) and R 3.2.1 (R Development Core Team, 2015) to perform statistical analyses, including a Principal Component Analysis (PCA), to examine the variation in the morphometric data of six characters within and among species: CW, CL, MW, PEW, PPW, ML. We did not include mandible length (MDL) in the PCA. This character clearly distinguishes ergatoid males of clades A and B (Oettler et al., 2010) and might therefore have obscured other morphological trends. To take body size into account in the PCA the six metric characters were divided by CS. PCA results were is known for many more species (Seifert, 2003) . More importantly, mandibles of most Cardiocondyla males have only been described superfi cially (e.g., Kugler, 1983; Terayama, 1999) . We therefore describe the morphology of the mandibles of ergatoid Cardiocondyla males with different reproductive life histories. By doing so, we aim to reveal possible correlations between male morphology and reproductive tactics.
MATERIAL AND METHODS

Examined species
For the morphometric study, specimens of eight different species (C. "argyrotricha" -a taxon currently being formally described by B. Seifert, C. batesii Forel, C. elegans Emery, C. kagutsuchi Terayama, C. minutior Forel, C. nigrocerea Karavaiev, C. obscurior Wheeler, C. venustula Wheeler; Table 1 ) belonging to different species groups (Seifert, 2003) were examined. Morphometric measurements of both ergatoid males and workers were recorded, except for C. elegans, where only ergatoid males were available (see Table 1 ). In addition, mandible morphology was qualitatively studied using a Wild M10 stereomicroscope and/or by scanning electron microscopy in the above mentioned species and two additional species [C. tjibodana Karavaiev, C. wroughtonii (Forel)]. Mandibles of winged males were qualitatively studied in four species (C. minutior, C. obscurior, C. tjibodana, C. wroughtonii) .
Sample preparation and assessment of morphological characters
Ants were collected either in the fi eld or from laboratory colonies and kept in 70% ethanol in small plastic bottles. Whole specimens were dehydrated in an ascending series of alcohol (80%, 90%, 99.6% ethanol). Seven morphological characters were measured on dehydrated specimens mounted on conductive doublesided adhesive carbon tabs using a Wild M10 stereomicroscope (Leica Microsystems) and an ocular micrometer. Defi nition of numeric characters (mostly according to Seifert, 2003) : CLmaximum dorsal cephalic length in median line, excavations on occiput and/or clypeus reduce CL; CW -cephalic width; across and including the eyes; ML -length of mesosoma; measured in lateral view from the caudalmost portion of propodeum to the anteriormost point of the anterior pronotal slope; MW -maximum width of mesosoma; PEW -maximum width of petiole; PPW -maximum width of post-petiole. PEW and PPW could not be measured in ergatoid males of C. venustula because of their dense plotted in two-dimensional PCA scatter plots. We used the fi rst two principal components (PCs), which accounted for over 91% of the total variation.
RESULTS
Morphometric data
Principal component analysis of data on six morphological characters of six to 12 workers and ergatoid males of each of six species (C. obscurior, C. nigrocerea, C. "argyrotricha", C. minutior, C. kagutsuchi, C. batesii) produced two axes, which together explained 91.42% of the total variance (Fig. 1) The diverse directions of the vectors between the centroids of worker and male measurements indicate that as it is based on so few species it is not possible to make more precise predictions about male morphology.
All characters differ signifi cantly between males and workers in the species examined (two-sample t-test / Welch's t-test, p < 0.05), except for MW/CS of C. minutior (t = -1.792, p = 0.104). Comparison of the data on seven characters (including mandible length) revealed several differences between workers and males in seven species of Cardiocondyla. CL/CW is generally smaller in ergatoid males ( Fig. 2A) , while PEW/CS ( Concerning the morphology of mandibles, MDL/CS is generally larger in ergatoid males with sickle-shaped mandibles (clade A; > 0.5) than in workers (< 0.5). In contrast, in clade B MDL/CS is smaller for ergatoid males with shear-shaped mandibles (< 0.5) than in workers (> 0.5) ( Fig. 2E) , except for C. venustula (MDL/CS > 0.5 in both workers and ergatoid males, see Table 4 ). Sickle-shaped mandibles of ergatoid males in clade A are longer than those of conspecifi c workers, while shear-shaped mandibles of ergatoid males in clade B are shorter, except in C. venustula (Tables 2-4 ). The length of the mandible is signifi cantly positively correlated with body size (CS) both in workers and ergatoid males, except in the ergatoid males of C. kagutsuchi (Table 2-4).
Morphology of mandibles of ten species of Cardiocondyla
Trulleum and mandalus were present in workers, ergatoid males and winged males of all the species examined. Table 2 . Measurement data of workers and males of species of the Cardiocondyla wroughtonii, C. "argyrotricha", and C. nigrocerea species-groups; arithmetic mean ± standard deviation [range] . CL -cephalic length; CW -cephalic width; ML -mesosoma length; MWmesosoma width; PEW -width of petiole; PPW -width of postpetiole. Mandibles distally curved inwards and are generally opposable.
Mandibles of workers
There is little morphological variation among the species in the mandibles of workers. They have a clear basal angle and thus well-defi ned basal and masticatory margins (Fig.  3A) . Masticatory margin bears fi ve teeth, two apical teeth are enlarged and the apical tooth is the largest. In C. nigrocerea and C. "argyrotricha" masticatory teeth decrease in size from apical to basal (Fig. 3D ), but the prebasal tooth is the smallest in C. obscurior, C. wroughtonii (Fig. 3E) , C. minutior, C. tjibodana (Fig. 3A, B) , C. kagutsuchi, C. venustula, C. batesii and C. elegans. Mandibles widen distally, with basal margin roughly parallel with the anterior clypeal margin in full-face view, ventral margin bent ventrad (Fig. 3A, D) . Canthellus distinct, almost reaching basal margin, trulleum open, cordiform in dorsolateral view, in dorsal view laterodistally distinctly bordered by basal margin, which is produced as a sharp blade widening towards basal tooth (Fig. 3E) . Canthellus, trulleum and mandalus of similar shape in the species examined. Mesal face distally with short longitudinal ridge running towards apical or preapical tooth (Fig. 3G) . Another ridge runs beneath teeth along the masticatory margin, ranging from base of preapical tooth to apical margin of basal tooth, (Fig  3F, G) . Long setae line this ridge from below ( Fig. 3F) and very short setae are present along the distal part of the basal margin. Mesal face distal to canthellus otherwise smooth (no microstructure or setae present).
Male mandibles
Cardiocondyla clade A, ergatoid males
Mandibles without distinct basal and masticatory margins, toothless, generally long and narrow. Mandibles tapering distally (in contrast to worker mandible), curved inwards. Mesal face bulging longitudinally and setose.
C. wheeleri group: C. nigrocerea (Fig. 4) Dorsal margin proximally bent ventrally with a distinct obtuse angle (arrow in Fig. 4A-D) , mandibles in full-face view oriented anteroventrally. Mandibles narrow, tapering distally to the obtuse angle towards apex. Trulleum distinctly bordered laterodistally by dorsal margin, trulleum not fully visible in lateral view (Fig. 4D ). Mesal face with several setae, and with a longitudinal bulge directed towards the apex (Fig. 4E ).
C. "argentea" group: C. "argyrotricha" (Fig. 5 ) (preliminary names for taxa currently being described by B. Seifert) Dorsal margin in the distal half and ventral margin bent ventrally (mandible in full-face view directed ventrally) (Fig. 5A, B) . Mandibles narrow, tapering in the distal half towards the apex. Dorsal margin proximally roundish instead of forming a distinct ridge, thus canthellus and trulleum fully visible in lateral view; trulleum in dorsal view not distinctly bordered laterodistally. Mesal face with a median, longitudinal bulge running towards mandibular apex, dividing the mesal face in two areas; dorsal area smooth, ventral area setose (Fig. 5F ). In lateral view, a peculiar sclerotized structure is seen proximally (circle in Fig. 5E ).
C. wroughtonii group: C. wroughtonii (Fig. 6A) , C. obscurior ( Fig. 6B-E) Dorsal margin slightly bent ventrad, mandibles in fullface view oriented anteriorly instead of anteroventrally (Fig. 6A, B) , narrow, tapering towards the apex, pointed. Distal third notably narrow. Mandibles of C. wroughtonii more tapered, as ventral margin is slightly bent dorsally in full-face view (Fig. 6A) . Mandibles longer than in the other species studied in clade A. In dorsal view, trulleum not distinctly bordered distolaterally by dorsal margin, which is round, not ridged. Proximal half of mandible with mesal face bulging along dorsal margin (Fig. 6E) . Part of mesal face ventral to the bulge is concave and setose (Fig. 6E) .
Cardiocondyla clade A, winged males
C. wroughtonii group: C. wroughtonii (Fig. 7A-C) , C. obscurior (Fig. 7E-F) Mandibles without distinct basal and masticatory margin, toothless, narrowing towards the apex, pointed (Fig.  7A-F) . Shorter than those of ergatoid males, yet opposable, curved inwards, in full-face view oriented anteriorly. Trulleum in dorsal view not distinctly bordered distolaterally by dorsal margin (Fig. 7A) . Mesal face with a distinct ridge running from proximoventral towards the dorsal margin, reaching it at about half of the mandible length (Fig.  7C, F) . Mesal face bearing several setae distal to this ridge (Fig. 7C, F) .
Cardiocondyla clade B, ergatoid males
Mandibles with distinct basal and masticatory margin ( Fig. 8A-F , 9A-G); compact in appearance, shorter and distally narrower than the mandibles of workers. Masticatory margin usually with four teeth, some ergatoid males of C. venustula have fi ve teeth (Fig. 9C, D) . Apical tooth robust, about twice the size of preapical tooth, teeth decreasing in size from the apex. Trulleum open, in dorsal view distolaterally distinctly bordered by basal margin (Fig. 8E) . Presence of ridges on mesal face similar to the mandibles of workers: distally with a short longitudinal ridge extending to the apical or preapical tooth, and another ridge below teeth along the masticatory margin (Fig.  8C) ; otherwise mesal face distal to canthellus fl at. Highly ordered arrangement of setae similar to that on the mandibles of workers: long setae arranged along the masticatory margin, short setae along the distal part of the basal margin (Fig. 8F) .
Unlike the ergatoid males in clade A, we could not detect any morphological differences between the mandibles of those in clade B.
C. minutior group: C. minutior (Fig. 8A-C) , C. tjibodana (Fig.  8D-F) C. nuda group: C. kagutsuchi (Fig. 9A, B) C. shuckardi group: C. venustula (Fig. 9C, D) Individuals have mandibles with either 4 or 5 teeth (some individuals with a small, intercalary, prebasal tooth), number of teeth is positively correlated with mandible size (Pearson's correlation: 0.899**, N = 11, 0.01 signifi cance level).
C. batesii group: C. batesii (Fig. 9E, F) C. elegans group: C. elegans (Fig. 9G) Cardiocondyla clade B, winged males C. minutior group: C. minutior (Fig. 10A-C) , C. tjibodana (Fig.  10D, E) Unlike in clade A, where mandibles of winged males are more similar to ergatoid males, those of winged males in clade B resemble the mandibles of workers: distinct basal and masticatory margins, fi ve masticatory teeth with the sub basal one the smallest (as in all workers of the spe- (Fig. 10B, E) . Arrangement of setae and ridges also similar to that on mandibles of workers.
DISCUSSION
This comparative morphological survey of several species of Cardiocondyla provides morphometric data that reveal how the morphology of ergatoid males differs from that of workers in different species. Seifert (2003) describes several of the differences, namely the increase in the width of the petiolus, postpetiolus and anterior mesosoma. The present study for the fi rst time provides detailed morphometric data confi rming the above and additionally reveals that CL/CW is generally larger in workers than ergatoid males. This is the case in all the species examined, irrespective of the mating strategy and the clade they are assigned to.
The increase in the width of various body parts is probably correlated with male fi ghting: ergatoid males use their mandibles to injure or dismember their competitors, with the narrowest body parts being most vulnerable to such attacks. Several species have morphological structures adapted to protect these sensitive regions, such as extensions of the pronotum (Seifert, 2003; Heinze et al., 2010) . Interestingly, in the two species examined with non-fi ghting tolerant ergatoid males (C. batesii, C. elegans), the waist segments (petiolus and postpetiolus) are large com- pared to those of the workers. This indicates that fi ghting is an ancestral trait as was previously concluded based on molecular data (Oettler et al., 2010) . Male ant mandibles are typically described as "reduced" and "falcate" (short, incurved, without distinct basal and masticatory margins), "often without function" (Ettershank, 1966; Gotwald, 1969; Boudinot, 2015) , although possible adaptations of male mandibles (as of male morphology in general) have only rarely been examined (for exceptions see, e.g., Abell et al., 1999) . This is presumably due to the erroneous view that ant males are elusive "sperm delivery vessels" (but see Boomsma et al., 2005; Shik et al., 2012 Shik et al., , 2013 , only adapted to locate virgin queens and subsequently mate with them. The winged males of C. obscurior and C. wroughtonii have short and curved mandibles, while those of winged males of C. minutior and C. tjibodana are similar to those of workers. In contrast, ergatoid males of Cardiocondyla either have compact four-toothed mandibles with a large apical tooth ("shear-shaped"), or long and narrow ("sickle-shaped") mandibles lacking distinct basal and masticatory margins. The difference in the shape of the mandibles of ergatoid males of species of Cardiocondyla is useful for assigning species to one of the two clades in this genus (Oettler et al., 2010) , and mandibular shape (long and narrow vs. four-toothed and worker-like) is clearly correlated with the different ways of killing male competitors in several species in the two clades. Ergatoid males of several species in clade B use their robust mandibles equipped with a large apical tooth to crush the weakly sclerotized cuticle of callow males 1998; Frohschammer & Heinze, 2009 ). In contrast, ergatoid males in clade A use their mandibles both to pierce the cuticle of callow males (Kinomura & Yamauchi, 1987; Stuart et al., 1987) and to grasp a competitor's body and hold it for up to several hours (Kinomura & Yamauchi, 1987; Yamauchi & Kawase, 1992; Yamauchi et al., 2006) . Mandibles of such ergatoid males are presumably selected to become both longer, to better clasp around wide body parts, and narrower, as this is better for grasping the narrow gap between different body parts, such as between the head and the mesosoma.
Mandible shape and length of ergatoid males are more variable in clade A than in clade B. In clade A, ergatoid males of C. obscurior and C. wroughtonii are smaller but have both relatively and absolutely longer mandibles than males of C. nigrocerea and C. "argyrotricha". Furthermore, the apices of the mandibles are oriented anteriorly in C. obscurior and C. wroughtonii but anteroventrally in C. nigrocerea and C. "argyrotricha". This might refl ect different fi ghting tactics. C. nigrocerea primarily besmears callow males and rarely mature ones . Furthermore, casual observations on laboratory colonies indicate that adult ergatoid males of C. "argyrotricha" quickly detect and besmear young rivals (pers. observ.). Freshly eclosed males are less mobile than mature males. They may be easily approached from behind and above and seized by a mature aggressor. In contrast, ergatoid males of C. obscurior and C. wroughtonii fi ght fully sclerotized adult rivals (e.g., Kinomura & Yamauchi, 1987; Yamauchi & Kawase, 1992) . Their extremely long, anteriorly oriented mandibles may facilitate seizing and holding mobile mature rivals.
According to Fisher & Bolton (2016) long and narrow mandibles, without distinct basal and masticatory margins, may have evolved in three ways: (1) "the base of the mandible narrows and the basal angle is obliterated" (basal and masticatory margins forming a single margin), (2) "the masticatory margin becomes elongated and the basal margin contracted", and (3) "the basal margin becomes elongated and the masticatory margin contracted". Ergatoid males of Cardiocondyla clade A have mandibles with few characters and no intermediate conditions, such as mandibles with fewer than fi ve teeth. This makes it diffi cult to retrace the evolution of this derived type of mandible. Based on the data obtained, we cannot determine if the angle of the dorsal margin corresponds to the basal angle present in worker-like mandibles, or if these structures are different. However, two characteristics appear to be correlated with the formation of narrow mandibles in Cardiocondyla: (1) a bulge or ridge on the mesal surface and (2) unordered distribution of setae (probably derived from the highly ordered setae on triangular mandibles).
Short mandibles are thought to be able to apply greater forces than long mandibles because of the smaller lever arm (Abell et al., 1999) . Mandibles of ergatoid males in clade B are not only relatively shorter than those of males in clade A, but also signifi cantly smaller compared to those of conspecifi c workers. The mandibles of ergatoid males in clade B retain the overall structure found in workers and therefore are not degenerate as are the short mandibles of many other, short-lived males. In contrast, selection has favoured strong mandibles in those ergatoid males that use them to crush the cuticle of rivals (e.g., Heinze et al., 1993 Heinze et al., , 1998 . Mandibles of the ergatoid males of C. minutior and C. kagutsuchi, which exclusively kill young males by crushing their still soft cuticle, have the shortest mandibles relative to head size. We hypothesize that the loss of one masticatory tooth is associated with a reduction in mandible length, as mandibles distally widen to a lesser extent than the mandibles of workers. This assumption is corroborated by the sporadic occurrence of fi ve masticatory teeth on large mandibles of ergatoid males of C. venustula. It appears that the prebasal tooth of the worker mandible was reduced during the evolution of the mandibles of ergatoid males, as this tooth is usually the smallest in workers in clade B, and also the smallest on fi ve-toothed mandibles of ergatoid males of C. venustula.
Surprisingly our study does not reveal any differences in the shape of mandibles of species in clade B with actively fi ghting males (C. minutior, C. tjibodana, C. kagutsuchi, C. venustula) and those with tolerant, peaceful males (C. batesii, C. elegans). However, it appears that mandible length of the worker-like mandibles of ergatoid males of species in clade B is correlated with their reproductive strategy. Interestingly, the mandibles of ergatoid males of C. venustula are the longest mandibles (absolute values) in clade B and, in contrast to other species, also absolutely longer than those of conspecifi c workers. Ergatoid males of C. venustula kill young rivals by crushing them and also defend small territories by biting, besmearing and holding intruders with their mandibles (Frohschammer & Heinze, 2009; Jacobs & Heinze, 2017) . As C. venustula is the only species in clade B in which males regularly show this behaviour it cannot be determined whether mandible elongation is similarly associated with besmearing as in clade A.
To conclude, this study adds another piece to the puzzle of the evolution of ant male biology. Detailed observations on the reproductive behaviour of ergatoid males and examination of the size and shape of the mandibles of other species of Cardiocondyla may help to evaluate possible adaptations of the mandibles of ergatoid males and shed light on the evolution of the diverse male traits and reproductive life histories in this fascinating genus of ants.
